Introduction
============

Anorexia nervosa (AN), a state of chronic nutritional deprivation, is a severe psychiatric disorder mostly affecting girls ([@bib1]). It is associated with high morbidity and is accompanied by multiple neuroendocrine dysfunctions involving the growth hormone (GH)-insulin-like growth factor-I (IGF-I) axis, thyroid function, hypercortisolemia, hypogonadotropic hypogonadism and the levels of several adipokines and gut peptides, such as ghrelin and peptide YY ([@bib2]). The pathophysiological mechanisms underlying pubertal delay or arrest and low height velocity (HV) are complex during the critical window for the pubertal growth spurt. These mechanisms may affect adult height, but they remain incompletely understood. After the patients' nutritional and mental states have been improved, catch-up growth is highly variable, from complete catch-up growth to a complete failure to gain height ([@bib3], [@bib4], [@bib5], [@bib6], [@bib7]). We previously showed that about one-third of girls with severe early-onset AN are at risk of adult height deficit ([@bib8]). Patients may take several years to recover, and physical and mental disorders may persist in early adulthood in some cases ([@bib8], [@bib9], [@bib10], [@bib11]). There is, therefore, a limited time window for potentially effective treatment to improve HV in these patients.

Nutritionally acquired resistance to GH, with high levels of this hormone and a disruption of the circadian dynamics of GH secretion ([@bib12], [@bib13]), high levels of the GH secretagogue ghrelin ([@bib14]) and low serum IGF-I levels ([@bib15]) have been reported in patients with AN. However, studies of GH secretion in children have yielded conflicting results, with low, high or normal GH levels detected ([@bib16], [@bib17]). The mechanism of GH resistance remains unclear and recent studies have suggested a role for the high levels of fibroblast growth factor (FGF)-21 produced by the liver and adipocytes in mediating GH resistance in patients with AN ([@bib18]). IGF-I-IGF-binding protein (BP) adaptation in AN also appears to be different from that under other catabolic conditions, because the low levels of serum IGF-I are not associated with an increase in IGF-BP3 proteolysis, as reported for several other catabolic states ([@bib15]). The changes in GH and IGF-I levels are at least partially reversed during refeeding and recovery ([@bib19]).

The effects of supraphysiological levels of human GH on HV in these patients remain unclear. The administration of supraphysiological doses of hGH for four weeks is well tolerated in adolescents with AN ([@bib20]), but a randomized placebo-controlled study of GH administration for 12 weeks in women with AN reported no increase in serum IGF-I levels ([@bib21]). The catabolic effects of hGH on adipose tissue during the first few months of hGH administration are well known and may be of concern in children with AN. However, we showed in a previous study that hGH treatment has no long-term deleterious effects on adipose tissue mass or on body mass index (BMI) when administered to children of short stature who were born small for gestational age, with a low BMI at the start of treatment ([@bib22]). We present here the first study on the effect of human-recombinant GH (hGH) therapy in 10 girls with AN and a very low HV over a prolonged period. The results were surprisingly favorable, as we obtained evidence of a significant increase in HV from the initiation of treatment in all these patients, resulting in adult heights close to target height.

Patients and methods
====================

Patients
--------

This retrospective observational study included the 10 adolescent girls followed for AN in the psychopathology department of our university hospital between 2002 and 2010, and treated with hGH for severe growth failure between 2004 and 2014. These girls were diagnosed with AN on the basis of the Diagnostic and Statistical Manual of Psychiatric Disorders, Fourth Edition criteria, at 10.0 ± 1.9 years of age. Their clinical characteristics before treatment are presented in [Table 1](#tbl1){ref-type="table"}. Consecutive patients were considered eligible for hGH treatment if they had a very low HV (\<2.5 cm/year) for at least 18 months despite improvements in nutritional status (at least a 10% increase in weight) and clinical stabilization, with a pubertal Tanner stage ≤3 and a bone age ≤13 years. All patients had normal brain magnetic resonance imaging results and a normal karyotype. Patients were included regardless of their GH secretion status. The exclusion criteria were other known chronic diseases or the initiation of sex-hormone treatment during the last year. Table 1Pretherapy clinical characteristics of the 10 girls with anorexia nervosa.**Mean ± [s.d.]{.smallcaps} or number**Age at onset of AN (years)10.0 ± 1.9Lowest BMI reached (SDS)−2.9 ± 1.1Age at lowest BMI reached (years)11.5 ± 1.1Duration of hospitalization before study entry (weeks)\*30.4 ± 20.0Use of overnight nasogastric feeding (weeks)4 (40%)Associated comorbidity\*\**n* = 9[^1]

Study protocol
--------------

Clinical data for the patients were obtained from their medical records. We recorded clinical characteristics before the initiation of treatment, the initial dose and management of hGH treatment during follow-up, total treatment duration, clinical and laboratory test results and outcome. Patients received a daily subcutaneous injection of open-label hGH at a mean initial dose of 0.040 ± 0.006 mg/kg/day, based on the doses used in studies of patients with a short stature, because they were small for gestational age ([@bib23]). As usual, the dose was adjusted according to weight and serum IGF-I levels. For safety reasons, if IGF-I levels reach an SDS of more than 2 for chronological age and pubertal stage according to our reference range ([@bib24]), the dose should be decreased by 10%. All but one of the patients treated for at least one year continued treatment for at least 2.4 years, until they reached near-adult height (HV ≤ 3 cm/year).

Patients underwent a physical examination at baseline and at each six-monthly visit. Height, weight and pubertal status were assessed. All patients were followed in both Endocrinology (every 6 months) and Psychiatry (every 1--6 months) Units. Other psychiatric comorbid conditions were recorded dichotomously as present or absent ('yes'/'no'). Inpatient treatment in the Pedopsychiatric Department was immediately proposed for subjects with a BMI less than 11 kg/m ([@bib2]) and/or cardiac, hemodynamic (bradycardia ≤ 50 bpm) or electrolytic complications.

Each patient was measured twice on a wall-mounted stadiometer, and the mean of the two measurements was recorded. Patients were measured by the same clinician (a pediatric endocrinologist) at each visit during the study to ensure consistency in the measurement technique used. Serum IGF-I, glucose and glycated hemoglobin concentrations were monitored during treatment, by determination at least once per year on non-fasting serum samples collected 12--20 h after hGH injection.

The study protocol was reviewed and approved by the institutional review board of Robert Debre Hospital, Paris 7 University, *Assistance Publique Hôpitaux de Paris*, which waived the need for written informed consent (reference number 2014/163). Patients and parents were informed that their data might be analyzed as part of a research study, and were considered to have given consent for such analysis if they did not object to this use of their data. Agreement for the use of data for research purposes was noted in the medical records of the patients, in accordance with the rules of our local ethics committee.

Methods
-------

Height and BMI (weight/(height)^2^ in kg/m^2^) are expressed as SDS for chronological age ([@bib25], [@bib26]). HV was determined from height records over the previous year and is expressed in cm/year. Pubertal development was assessed by determining Tanner stage. Target height SDS was calculated from mid-parental height ([@bib27]). Bone age was determined blind, by the same investigator in each case, as described by Greulich and Pyle ([@bib28]). Adult height was considered to have been reached if the patient had grown by less than 1 cm over the last six months and/or had a bone age \>15 years.

Serum IGF-I concentrations were measured by immunoradiometry (IGF-I RIACT, Cisbio Bioassays, Gif sur Yvette, France). The inter-assay coefficient of variation was \<9% and the limit of detection was 9 ng/mL.

Serum GH concentrations were measured with a two-site immunoradiometric assay (HGH-RIACT, Cisbio Bioassays, Codolet, France). The intra- and inter-assay coefficients of variation were \<2.5% and \<6%, respectively. The limit of detection was 0.01 ng/mL (with calibration against the 2nd international standard WHO IS 98/574: 1 ng = 3 μIU).

Statistical analysis
--------------------

Results are expressed as means ± [s.d.]{.smallcaps} or medians (25--75th percentiles) unless otherwise specified. Nonparametric-paired Wilcoxon tests were used for statistical analysis. Bonferroni correction was applied to adjust the significance threshold for multiple comparisons. All tests were two-tailed, and values of *P* \< 0.02 were considered statistically significant. All statistical analyses were carried out with SAS software, version 9.12 (SAS Institute Inc., Cary, NC, USA).

Results
=======

The baseline characteristics of the 10 patients receiving hGH treatment are presented in [Table 2](#tbl2){ref-type="table"}. Despite an increase in BMI before entering the study, from −2.9 ± 1.1 SDS at its lowest to −1.3 ± 1.3 SDS one year before study entry and −0.9 ± 0.6 SDS at the time of GH treatment initiation ([Fig. 1](#fig1){ref-type="fig"}), HV remained low in all patients, at a median (25--75th percentiles) of 1.0 (0.7−2.1) cm/year at entry into the study, at a mean chronological age of 13.3 ± 1.1 years and a bone age of 10.9 ± 1.7 years. Puberty had already begun before the study in three patients (Tanner 2, *n* = 1; Tanner 3, *n* = 2). Serum IGF-I concentration SDS was low before treatment in all patients, and GH stimulation tests yielded values above the lower limit of the normal range (\>20 IU/L) in only two patients. Figure 1Changes in BMI SDS (mean ± [s.d.]{.smallcaps}) over time in 10 girls with anorexia nervosa. Table 2Baseline characteristics of the 10 girls treated with hGH.**Mean ± [s.d.]{.smallcaps} or number**Age (years)13.3 ± 1.1Bone age (years)10.9 ± 1.7Height velocity (cm/year)1.3 ± 0.9BMI (SDS)−0.9 ± 0.6Height (SDS)−2.2 ± 1.3Target height (SDS)0.4 ± 1.3Height-target height (SDS)−2.7 ± 1.4Pubertal stage Tanner 1*n* = 7 Tanner 2 or 3*n* = 3IGF-I (SDS)−1.8 ± 0.7GH Peak Above 20 IU/L*n* = 2\* Below 20 IU/L*n* = 8\*\*[^2]

Growth during hGH treatment
---------------------------

HV increased significantly during treatment, from a median of 1.0 (0.7−2.1) cm/year at baseline to 7.1 (6.0−9.5) cm/year after one year of treatment (*P* \< 0.002) and 5.6 (4.8−6.2) cm/year after the second year of treatment ([Fig. 2A](#fig2){ref-type="fig"} and [B](#fig2){ref-type="fig"}). Height also increased significantly over the two years of treatment, from −2.2 ± 1.3 to −1.1 ± 1.5 SDS (*P* \< 0.005). After a mean duration of hGH treatment of 3.6 ± 1.4 years, near-adult height was −0.3 ± 1.0 SDS and, at the last evaluation, 1.2 ± 0.7 years after the end of treatment, adult height was −0.1 ± 1.0 SDS, close to target height. Figure 2(A) Changes in height velocity in cm/year during the first two years of hGH treatment, in 10 girls with anorexia nervosa (\**P* \< 0.002 at the end of the first year, in paired non-parametric tests). Median, interquartile range and range are shown. (B) Changes in height SDS (mean ± [s.d.]{.smallcaps}) during hGH treatment for 3.6 ± 1.4 years and until the attainment of adult height in 10 girls with anorexia nervosa (\**P* \< 0.002, at the end of the first year and at adult height, in paired non-parametric tests).

BMI and puberty during hGH treatment
------------------------------------

Mean BMI SDS remained relatively stable over the study period, but with some individual variability ([Fig. 1](#fig1){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}). Table 3Individual patient characteristics at baseline (A), at the time of hGH withdrawal (B), after 3.6 ± 1.4 years of treatment and at last evaluation at adult height (C) 1.2 ± 0.7 years after the end of hGH treatment.**PatientsChronological age** (years)**Height** (cm)**BMI** (SDS)**Pubertal status** (Tanner stage)**Age at menarche**ABCABCABCABC114.218.7\*20.7149.9165.5166.5−1.2−1.4−1.813\*\*\*3No menarche213.115.516.3145.7155.6156.7−0.6−0.6−0.635514.5311.014.617.0135.0163.0166.0−1.50.40.215513.0412.515.916.9135.9164.5166.90.20.60.814515.1513.817.819.1139.0154.3154.7−0.2−1.2−0.824416.7614.117.818.2147.7166.0166.0−1.1−0.6−0.614517.0712.318.5\*19.7133.0158.0160.0−0.8−2.2−3.213\*\*519.2\*\*813.517.919.6127.0155.0157.4−1.7−1.6−1.514517.4915.116.117.0152.0158.5160.2−1.30.10.734515.91013.416.216.4152.0170.5170.5−1.1−0.6−1.514\*\*416.5\*\*Total (mean ± [s.d.]{.smallcaps})13.3 ± 1.216.9 ± 1.418.1 ± 1.6141.7 ± 8.9161.1 ± 5.5162.5 ± 5.3−0.9 ± 0.6−0.7 ± 0.9−0.8 ± 1.21.5 ± 0.84 ± 0.74.6 ± 0.716.1 ± 1.8[^3]

Individual changes in pubertal stage among baseline, the end of hGH treatment and the last evaluation are shown in [Table 3](#tbl3){ref-type="table"}. Puberty was delayed in all patients. During the first two years of treatment, puberty advanced slowly in most of the girls, with one patient (patients 7) displaying no progression at all (remaining prepubertal). Puberty advanced by one stage in five patients (patients 1, 2, 5, 8 and 9), two stages in two patients (patients 4 and 10) and three stages in two patients (patients 3 and 6), over this time period (data not shown).

Following the cessation of treatment when AH had been reached, all but one of the patients was at a Tanner pubertal stage of 4 or 5. The remaining patient was still at Tanner stage 3 (patient 1). Seven patients spontaneously reached menarche at a median (25--75th percentiles) age of 15.9 (14.5--17.0) years, a median of 2.6 (1.3--2.9) years after GH treatment initiation. Estroprogestative treatment was prescribed for three patients (patients 1, 7 and 10), one of whom (patient 1) refused this treatment.

Serum IGF-I concentrations
--------------------------

Serum IGF-I levels increased in all patients after hGH administration. Serum IGF-I levels increased significantly, from a median (25--75th percentiles) of 151 (126−277) ng/mL at baseline to 403 (349--591) ng/mL after one year of treatment (*P* \< 0.01). Serum IGF-I levels were kept in the mid-normal range during the study and none of the patients had a serum IGF-I concentration SDS of more than 2.

Adverse effects during treatment
--------------------------------

Treatment with hGH was clinically well tolerated, and no side effects were reported. Two patients (patients 1 and 7) had to be admitted to hospital during the study period due to a relapse of AN, with weight loss and bradycardia. This led to a temporary interruption of hGH treatment, for 6 and 4 months in these patients, 1.0 and 2.5 years, respectively, after its initiation.

Discussion
==========

This proof-of-concept study, the first to investigate the effects of hGH treatment in children with a very low HV due to AN, indicates that hGH treatment can greatly increase HV in all patients within one year of treatment initiation. This increase in HV was also maintained in subsequent years, leading to a gradual increase in height and resulting in an adult height close to target height after a mean treatment duration of 3.6 ± 1.4 years in our patients. Another important finding was the increase in serum IGF-I levels in all treated patients. This is also the first time that such an increase has been demonstrated, as a previous study reported no improvement in serum IGF-I concentration following the administration of GH in young adult patients with AN ([@bib21]). The mean GH dose used was 0.040 mg/kg/day and serum IGF-I levels remained within the normal range throughout treatment in all patients. We cannot rule out the possibility that treatment with higher doses would result in an even greater effect, but our findings provide no direct evidence to support this hypothesis. Seven of the 10 patients were prepubertal at the initiation of hGH treatment. Pubertal stage progressed slowly in most patients and seven of the 10 patients underwent menarche spontaneously, a median of 2.6 (1.3--2.9) years after GH treatment initiation, demonstrating an improvement in their condition.

Despite a substantial increase in BMI before the start of GH treatment, mean BMI SDS did not normalize entirely. It remained relatively low in most patients and did not increase during the study period, suggesting that similar calorie intakes were maintained throughout the study, and that chronic mild eating disorders probably persisted in most patients, although this aspect was not closely monitored and considerable individual variability was observed. These data indicate that the increase in HV observed in these patients was probably related to hGH therapy, with only a minimal potential contribution of the improvement in nutritional intake and BMI before the start of hGH treatment. It has been shown that catch-up growth does not always begin during the first year of refeeding, when weight gain is rapid. Catch-up growth is more likely to occur during the second year of treatment and it may be difficult to discriminate between the accelerated growth rate of the pubertal spurt related to reversible functional hypogonadotropic hypogonadism and the catch-up growth related to the improvement in body weight ([@bib5]). However, none of our patients displayed any catch-up growth during the two years after the improvement in nutritional intake preceding the initiation of hGH treatment. It remains unclear whether the higher rates of associated psychiatric comorbidities, such as depression and anxiety, in our patients (all but one patient affected) than would be expected for a pediatric AN population ([@bib29], [@bib30]) contributed to the persistent severe growth deficiency in our patients. A relationship among hypercortisolemia, anxiety and depressive symptoms and bone loss has been demonstrated in women with AN ([@bib31]). Further investigations are now required to determine whether the hypothalamic--pituitary--adrenal axis hyperactivity delayed puberty with low levels of GH secretion, functional hypogonadotropic hypogonadism and mood disorders observed in our patients contributed to the poor growth observed. None of our patients had received estrogen replacement therapy before the study period. Physiological estrogen administration with transdermal estrogen replacement in adolescent girls with AN has been shown to improve the low bone mineral density related to this disorder significantly ([@bib32]). However, further investigations are required to determine whether estrogen replacement during the pubertal period is also predictive of changes in HV in these patients.

The results presented here should be interpreted in light of the limitations of the study. We performed a retrospective observational study with no control group of untreated patients. As such, we can provide no firm evidence that the outcome of our patients would not have been similar if they had not received hGH. We cannot exclude the possibility that they would have shown optimal growth. spontaneously. However, this is unlikely given that similar results for catch-up growth and an increase in serum IGF-I levels were observed following hGH treatment in all patients. Weight restoration remains the major clinical factor determining catch-up growth in children and adolescents with AN. However, despite weight gain and an increase in BMI, BMI values remained quite low in most of our patients with a very low HV for at least 18 months before the initiation of hGH treatment. However, the number of subjects investigated was small, because this complex condition with prolonged poor growth is very rare, and our study cannot, therefore, provide further insight into the mechanisms underlying the long period of very low HV and the catch-up growth observed following hGH treatment, although this treatment clearly increased serum IGF-I levels in all patients.

No adverse effects that could be directly attributed to hGH therapy were observed in this study. However, blood glucose levels and glycated hemoglobin concentrations are not sufficient to diagnose abnormal glucose metabolism, and basal insulin and glucose tolerance testing would be the only appropriate methods for addressing this question.

In conclusion, we report here the first evaluation of the efficacy of hGH therapy for increasing HV in a small cohort of children with AN and severe growth deficiency. Our results provide a rational basis for a large randomized placebo-controlled study to determine whether hGH therapy should be considered an appropriate option in the management of these patients, given the limited time window available for potentially effective treatment. The clinical relevance of such a trial, in terms of nutritional outcome, metabolism, bone mineral density, body shape perception and overall course of the disease, should also be investigated.
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[^1]: Never hospitalized *n*=1; \*\*Depression *n* = 5, anxiety *n* = 7, obsessive compulsive disorder *n* = 3.

[^2]: GH peaks at 23.4 and 26.3 IU/L, respectively; \*\*GH peaks at 5.7 to 17.9 IU/L for the 8 patients.

[^3]: GH treatment was temporarily interrupted for 6.0 and 4.5 months (relapse of AN, with weight loss and bradycardia of 50 bpm), 1.0 and 2.5 years, respectively, after the initiation of hGH treatment; \*\*Oral 17-βEstradiol treatment began 3.5 and 3.2 years after the start of GH treatment, at the ages of 15.8 and 16.5 years, respectively, with menarche occurring under estroprogesterone treatment; \*\*\*Patient 1 refused estrogen treatment.
